ABSTRACT In this paper, a simple, miniature, and highly sensitive photonic crystal fiber (PCF)-based surface plasmon resonance (SPR) sensor is proposed. The target analyte and the plasmonic material are at the outer surface of the fiber making practical applications feasible. A 30-nm gold (Au) layer supports surface plasmons. A thin titanium dioxide (TiO 2 ) layer is used to assist adhesion of Au on the glass fiber. The fiber cross section is formed purely by circular-shaped holes simplifying the preform manufacturing process. A high-birefringence (hi-bi) fiber is obtained by means of an array of air holes at the center of the fiber. A finite element method (FEM) is employed to analyze the surface plasmon properties of the proposed PCF-SPR sensor. By optimizing the geometric parameters, a maximum wavelength sensitivity (WS) of 25 000 nm/RIU and an amplitude sensitivity (AS) of 1411 RIU −1 for a dielectric refractive index (RI) range of 1.33-1.38 are obtained. Moreover, an estimated maximum resolution of 4 × 10 −6 and a figure of merit (FOM) of 502 are obtained that ensures high detection accuracy of small refractive index (RI) changes. Owing to its sensitivity and simple architecture, the proposed sensor has potential application in a range of sensing application, including biosensing.
I. INTRODUCTION
Surface plasmon resonance (SPR) is a phenomenon that occurs when the frequency of incoming photons match the frequency of surface electrons. A slight change in surrounding RI potentially changes the effective RI experienced by the surface plasmon polariton (SPP) mode causing a shift of resonance wavelength and the unknown dielectric can be detected by observing the resonance peak shift. Note that the exploitation of SPR is advantageous for optical sensing because of its effectiveness, real-time detection and convenient operation [1] , [2] . Notably, SPR technology is promising for applications in food safety, security, medical
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testing, biomolecular analyte detection, and medical diagnostics [2] , [3] .
In recent years, SPR modes supported by PCF have gained significant attention due to (i) the freedom to adjust optical parameters, by design, through the geometry of the structure, (ii) light weight, and (iii) controllable birefringence, making it ideal for a range of sensing applications [4] - [9] . Various optical fiber based RI sensing methods have been reported in the literature that include fiber Bragg grating (FBGs) [10] - [12] , long period fiber gratings (LPFGs) [13] , and modal interferometers [14] etc. Chryssis et al. [11] reported a RI sensor with an etched FBG, while in order to increase the sensitivity to environmental RI's the same etching process can also be applied to LPFGs [13] . Modal interferometers using tapered single mode fiber and based on core diameter mismatch provide new sensing opportunities [14] , [15] . However, most of the reported sensors provide low sensitivity [27] .
With the development of nanotechnology, several ways of improving the sensing performance of conventional SPR sensing techniques have emerged. One of the key strategies is the use of gold or silver nano particles with a diameter in the range of several tens nanometers or smaller where free electrons are trapped on a nanoparticle surface [16] . Under proper optical excitation these free electrons can oscillate collectively, and this results in localized SPR (LSPR). Note that, like SPR, LSPR is also sensitive to the change in the localized dielectric medium [17] . However, in addition to metallic nanoparticles recent advancements have shown other choices for sensitivity enhancement. The choices are quantum dots (QDs), graphene, hydrogel, magnetic and silicon nanoparticles and in most of the cases the sensitivity enhancement can be carried out using analyte enrichment. Recent reports show that plasmonic nanostructured arrays can also be used as a technique to improve the sensing performance [18] , [19] .
Utilizing the properties of PCF and different plasmonic materials, research has been carried out for SPR sensing. Generally, there are two types of SPR sensing approaches; (i) internal sensing and (ii) external sensing. In the internal sensing approach, the metal coating and dielectric fluid are placed inside the fiber. For example, this can be achieved by selectively filling air holes with the dielectric liquid to be analyzed. Using this internal sensing approach Shuai et al. designed a sensor with multi-analyte coating fiber and achieved a maximum negative sensitivity of −5, 500 nm/RIU [20] . Later, Xue et al. proposed a Au coated fiber where the dielectric and metallic channel were considered inside the surface [21] . Moreover, Gao et al. proposed a TiO 2 coating based fiber that also fails to improve the sensing performance [22] . Recently, Rifat et al. [23] improved the sensitivity using the internal sensing approach. However, fabrication of this PCF is difficult due to (i) the need for internal metal coating and (ii) the requirement for filling the small air holes with the target dielectric [24] . Moreover, refilling and emptying of selected air holes is quite difficult and time consuming and thus the internal sensing approach is not feasible for real-time sensing [25] .
Note that a PCF with a D-shaped structure provides a possible solution to internal sensing as the metallic and dielectric channels can be placed on the flat surface of the fiber and in direct contact with the external medium. A numerical study of D-shaped structure shows that the flat surface achieves high sensitivity [26] , [28] , [29] . A numerical study on dual sided polished fiber is also reported [30] . An experimental study on a side-polished structure shows a high wavelength sensitivity of 21, 700 nm/RIU with the RI range of 1.33 to 1.34. Although the cleaning of a D-shaped PCF is advantageous for refilling with the dielectric liquid, the standard surface polishing and etching of particular parts of a micro-structured PCF are challenging in practice [9] , [26] .
Considering the limitations of the internal sensing mechanism and sensing with a side polished PCF, external sensing is attractive as an approach for practical applications. In an external sensing, the dielectric fluid is placed in contact with the outer metallic layer of the PCF, that facilitates the cleaning and re-use of the fiber sensor with subsequent dielectrics. Therefore, considering external sensing, Dash et al. proposed a graphene-coated fiber and achieved a maximum WS and AS of 5, 000 nm/RIU and 860 RIU −1 respectively [31] . For further improvement, we propose a rectangular core gold coated SPR sensor that can achieve improved sensing performance, however achieving a rectangular shaped core is inconvenient for fabrication [33] . A spiral-shaped PCF has also been proposed but failed to improve the sensing performance [32] . Liu et al. proposed a gold-coated fiber that achieves a maximum WS of 15, 180 nm/RIU, however, due to large loss peak broadening they obtained a low AS of 498 RIU −1 [34] .
In this manuscript, we propose a highly birefringent PCF-SPR sensor where the detection of unknown dielectrics can be carried out externally. The aim is to achieve improved WS and AS with high sensor resolution, long sensor length and high FOM. The simplicity in design enables a fabrication feasible PCF that opens the opportunity to commercial utilization of the sensor.
II. MODELING AND THEORETICAL ANALYSIS OF THE SENSOR
The modeling and numerical analysis is carried out using commercially available software COMSOL 5.3a where the Wave Optics module with the Electromagnetic Waves, Frequency Domain (EWFD) solver is used to investigate the guided response. The Physics Controlled Mesh sequence with Extremely Fine element size were used to obtain the best accuracy in numerical simulations where the structure subdivides into 229, 042 number of elements with minimum element quality of 0.7081, average element quality of 0.9618, element area ratio of 4.274×10 −4 , and mesh area of 116 µm 2 . For meshing the Au layer we use the resolve wave in lossy media function of COMSOL where Au is meshed in free space with a maximum mesh element size and that ensures simulation accuracy. The mesh characteristics of the Au layer are as follows, the number of vertices = 16, 332, number of elements = 27, 220, maximum element size = 0.122 µm, minimum element quality = 0.8537, Average element quality = 0.951, and mesh area = 0.6715 µm 2 . Note that, the proposed model converged with the defined mesh property.
We use silica (SiO 2 ) glass as the bulk material whose RI profile can be obtained from the Sellmeier equation [35] ,
where λ stands for the wavelength of light. Note that, Eqn. 1 is valid for the wavelength region of 0.22 to 3.71 µm [35] . At the center of the SiO 2 fiber an array of air holes of diameter d c are used. The function of these air holes is to deflect the electromagnetic (EM) wave from the center towards the metal so that a strong plasmonic effect can be created. These also helps to create birefringence via an asymmetry required for maintaining the polarization modes. Although it is possible to create birefringence using a rectangular or an elliptical shaped air hole in the core, this is at the cost of increased fabrication complexity. The cladding is based on circular shaped air holes of diameters d, and d 1 . Arrangement of air holes having diameter d is carried out in such a way so that these can force the EM field to interact strongly with the metal. This facilitates a strong plasmonic effect in the created interaction channels (the created channels with the help of air holes of diameter d are shown by dotted yellow arrows in Fig. 1(a) ). Here, four air holes of diameter d 1 are also placed on the way of the interaction channels that helps to reduce the confinement loss (CL) significantly. The E-field distribution of the proposed PCF-SPR for both x and y polarization is shown in Fig. 1(b) , 1(c), 1(d) and 1(e). It can be observed that light is well confined in the core for both the polarization and interacts strongly with the plasmonic mode. The strong plasmonic property is an indication of achieving high WS and AS.
In contrast to previously reported PCFs [31] , [32] , [34] highlighted in Tab. 2, the proposed sensor is novel in the sense that it creates birefringence by creating asymmetry at the center of the fiber, creates four distinct channels for light interaction with the plasmonic metal, uses an additional layer (TiO 2 ) to support Au and improves the sensing performance over a large scale.
There are several materials such as gold (Au), silver (Ag), aluminium (Al), copper (Cu), indium tin oxide (ITO), and titanium nitride (TiN) that can be used to support surface plasmons in the optical frequency range. Among them, Au and Ag are widely used because of their relatively low loss in the visible to near-infrared [36] . The Ag gives rise to a sharper resonance peak compared to Au, however, when placed in a humid environment it becomes oxidized and this reduces the analyte detection accuracy [37] . On the other hand, Au is chemically stable, bio-compatible, and gives rise to a larger shift in the resonance wavelength. However, for very thin Au layers it experiences island growth and may flake off from the glass fiber. The material dispersion of gold can be characterized by the Drude-Lorentz model [38] ,
where ε ∞ = 5.9673, ε = 1.09 denotes the permittivity and the weighting vector respectively, ω represents the angular frequency, ω D is defined as the plasma frequency and γ D represents the damping frequency, where ω D /2π = 2113.6 THz, and γ D /2π = 15.92 THz. Moreover, L and L indicate the frequency and spectral width of the Lorentz oscillator where
.07 THz and L /2π = 104.86 THz [38] .
To solve the adhesion problem of Au, a thin TiO 2 layer that has high RI having the features of non-toxicity and environmental compatibility is frequently used in between Au and glass. The deposition of TiO 2 thin film also increases VOLUME 7, 2019 the surface plasmonic excitation that generate enhanced evanescent field. These create enhanced interaction of surface plasmons with its contacting dielectric, improves the sensitivity. This is because the TiO 2 has a high refractive index than the fiber itself. Therefore when a thin film of TiO 2 is placed on the glass surface it strongly attract the field from the core guided mode and strong coupling is created between the core guided and the plasmonic mode [26] , [27] . Note that, there are multiple anisotropic microcrystallite rutile and sphalerite phases of TiO 2 , with very high refractive index, and an amorphous phase with varying degrees of density [39] . Both the phases have different refractive index profiles that must be considered during an experiment. However, as this is a simulation study, we therefore use a generalized form of isotropic TiO 2 whose refractive index profile can be obtained from the following equation [40] ,
where, n t denotes the RI of TiO 2 and λ is in Angstroms.
At the Au surface we consider a dielectric layer where an analyte of particular refractive index (n a ) can be placed. Note that we consider the dielectric layer in contact with the outer surface so that filling and cleaning of analytes can be carried out easily. As this is a simulation study therefore the Au surface is not functionalized hence the surrounding of the sensor is homogeneous and has the refractive index of n a . Therefore, the thickness of dielectric layer does not have any impact on the sensing performance, however, for simulation purposes we consider a constant dielectric thickness of 2.0 µm. As surface plasmons are extremely sensitive to the change of environmental RI, changes in local RI on the plasmonic metal surface can be determined by observing the changes of resonance wavelength, phase or intensity [41] . We vary the dielectric RI on the surface and observe the sensing performance. Note that this method of considering the analyte layer and method of calculating the sensitivity follows the standard approach in a number of references [3] , [9] , [10] , [17] , [23] , [26] , [30] , [32] , [25] , [48] - [51] , [30] .
A mathematical boundary condition, i.e. a perfectly matched layer (PML), which by definition absorbs any energy that might be radiated, is added at the outer surface of the computational region. Note that there is no physical existence of the PML in practice, however, convenient to use in order to make the computation region finite [53] . The optical properties of the PML are similar to the dielectric and therefore PML thickness also has no impact on the overall sensing performance. However, for simulation purposes we consider a PML thickness similar to the dielectric thickness.
The proposed sensor is feasible for fabrication as it contains only circular shaped air holes. The different size of air holes can be realized using the standard stack-and-draw method [42] , [43] . Drilling in the preform stage is also a possible route to create the holes and fabricate the fiber [44] . The thin Au and TiO 2 layer can be achieved using chemical vapor deposition (CVD), high-pressure microfluidic chemical deposition and wheel polishing methods [45] .
The performance evaluation of the sensor is carried out using the resonance peak shift of the CL spectra that can be obtained from the following equation [8] , [46] ,
where λ indicate the operating wavelength in microns, and Im (n eff ) represents the imaginary part of the complex RI of the core guided mode. The sensitivity of a sensor can be determined using both the wavelength and amplitude interrogation technique. According to the wavelength interrogation method the WS of a sensor can be calculated by [47] 
where, λ peak denotes the wavelength difference between the loss peak shift and n a indicates the change in dielectric RI. The other sensing measurement method known as AS can be determined using the amplitude interrogation method [52] ,
where α(λ, n a ) is the overall loss where the dielectric RI is equal to n a , δα(λ, n a ) represents the difference between two consecutive loss spectra due to a change of dielectric RI, and δn a indicates the change in dielectric RI. Besides the high sensitivity of a sensor, the length of the metal covered fiber is also an important property. Considering the input power launched into the fiber is P 0 , the detected power at the output can be obtained by the following expression [6] P(L, λ, n a ) = P 0 e −α(λ,n a )L (7) where α(λ, n a ) is the attenuation constant and can be defined by Eqn. 4, L indicates the sensing length that can be defined by
The goal of this work is to propose a fiber design based solely on circular holes and whose metal layers are in the external interface of the waveguide. The fiber also needs to be highly birefringent in order to allow the transmitted signal to keep its linear polarization state along all fiber length. Denoting n x and n y the effective refractive indices of x and y polarization, the birefringence can be calculated as
Sensor resolution that depends on the WS/AS determines the degree of dielectric RI detection. It can be determined by the following equation [55] , R = n a λ min λ peak (10) where, n a represents a change in dielectric RI, λ min defines the estimated minimum wavelength resolution, and λ peak determines the difference in resonance peak shift.
III. INVESTIGATION OF SENSOR PERFORMANCE
The performance analysis of the proposed sensor is carried out by optimizing different geometrical parameters that include Au film thickness t g , TiO 2 film thickness t t , air hole diameters d and d 1 , and number of core air holes n c .
A. OPTIMIZATION OF FILM THICKNESS
Our simulations focused on the visible -near infrared region and the sensor performance was evaluated from 0.5 to Fig. 2(a-b) , where it can be seen that without TiO 2 the CL is relatively low, however, the WS and AS are also low. As the t t increases the CL also increases and resonance peak shifts towards longer wavelengths. For t t = 10 nm the CL is higher than t t = 0 nm and t t = 5 nm, moreover the loss peak broadens that results a low AS than experienced with t t = 5 nm. Therefore, considering the loss peak broadening, WS and AS we choose t t = 5 nm as optimum. It is well known that the Au film thickness t g has a sharp impact on the CL, resonance peak shift and sensing performance of a fiber SPR sensor. Therefore, to investigate the effect of Au on the sensing performance we varied t g and kept other parameters constant. The performance of the sensor with t g variation is shown in Fig. 2(c-d) which indicate that increasing t g increases the CL and shifts the resonance peak towards longer wavelengths by means of broadening the loss peak (Fig. 2(c) ). Using t g = 40 nm drastically reduces the AS Fig. 2(d) and induces a high loss reducing the maximum length of the fiber that could be metal coated-this is not desirable for a practical implementation. For t g = 20 nm, the CL is low, however, that comes with a lower AS (970 RIU −1 ) than t g = 30 nm (1, 412 RIU −1 ). Moreover, the WS at t g = 30 nm is greater (9,000, nm/RIU) than t g = 20 nm (4,000, nm/RIU). Therefore, we consider 30 nm as optimum Au thickness.
B. EFFECT OF CORE AIR HOLES ON BIREFRINGENCE AND SENSING PERFORMANCE
The number of air holes in the core (n c ) has significant impact on the CL and overall sensitivity of the PCF-SPR sensor. Therefore, we observe the effect of solid core as well as core with different number of air holes. At optimized TiO 2 and Au thickness (t t = 5 nm and t g = 30 nm) with other constant values, the obtained electric field distribution having solid core, core with three air holes and core with five air holes is shown in Fig. 3(a) . It is observable that the EM field within a solid core has low interaction with the surface whereas maximum interaction is obtained with a core possessing five air holes. It can be seen that, with solid core, the sensor experiences negligible CL (Fig. 3(c) ), however, that comes with low sensitivity (Fig. 3(d) ) and undesirable close to zero birefringence (Fig. 3(b) ). Note that birefringence is an important property of a fiber based plasmonic sensor as it will lead to a differential sensitivity between x-and y-polarized signals. More importantly, the input signal lunched on the fiber axis will keep its polarization state along the fiber [31] - [34] , [6] .
Moreover, a birefringent fiber is required for signal detection which is based on lunching polarized broadband light in one of the fiber polarization axes while detecting the transmitted signal in a fiber spectrometer. By characterizing the wavelength and amplitude shift of the transmitted spectrum, and using previously measured data, the RI of the fluid that baths the fiber can be characterized.
With n c = 3 we can see that the sensitivity increases over that of a solid core, however, maximum WS and AS with high birefringence is obtained having n c = 5. Therefore, we consider n c = 5 as optimum of our designed sensor. We can see the fiber birefringence increases with the wavelength. This behavior is related with the fact that longer wavelengths spread more within the fiber cross section being more influenced by the asymmetric holes distribution. Note that, we also investigate the sensor performance at n c = 1, however, we do not consider that as optimum because it creates zero birefringence with low sensitivity.
Note that the coupling between the fiber core mode and the plasmonic mode depends on the polarization of optical signal that reaches the coated region of the fiber. The device response can be analyzed with the help of Fig. 5 (a-d) where it can noted the phase-matching wavelength and coupling strength (in practical terms, the induced loss) depend on the polarizing state of the guided mode (x or y direction). To obtain a sensing device with a reproducible and predictable response this phase matching should be as independent as possible of external spurious influences as fiber bending, temperature variations etc. The use of a single mode hi-bi fiber helps to address this issue. In our proposed design we reached such situation with a microstructured optical fiber whose cross section is formed just by circular holes, turning its fabrication feasible via the well-known stacking-and-draw technique [43] or by directly drilling the holes on the fiber preform stage [44] .
Our fiber is, in practical terms, single mode as the first higher order mode presents a CL that is 1.37 times bigger than the fundamental core mode. The fiber is also highly birefringence (B ∼ 10 −3 ) when we add the central holes in the core area-see Fig. 3 (b) . This means that any linearly polarized light that is lunched on the x or y axis of the fiber will keep this polarization stage along the fiber length, independently of external mechanical and thermal perturbations the fiber may suffer.
By choosing between lunching the input signal in the y or x axes we can select between improving the fiber sensitivity (y-axis) or reducing the loss (x-axis) what can lead to longer metal coated sections.
C. EFFECT OF CLADDING AIR HOLES D AND D 1
The effect of cladding air holes of diameter d is shown in Fig. 4 (a) and 4 (b) . We can see that, higher CL is obtained at d = 0.64 and lower AS is obtained at d = 0.70 . However, moderate CL and highest sensitivity are obtained at 0.67 therefore we choose 0.67 as optimum for d.
The air holes d 1 at four corners have also significant impact on CL and overall sensing performance of the sensor. Therefore we investigated the performance of the sensor with and without d 1 that is shown in Fig. 4 (c-d) . It can be seen that without d 1 the sensor experiences a high CL that also comes with a low wavelength and AS as compared to the fiber having d 1 . This is because, without d 1 the EM fields from the core scattered largely towards the metal therefore creates high CL with loss peak broadening, however, placing air holes at four corners limits scattering and therefore reduce the loss. Hence we decided to keep air holes at four corners, however, with optimized diameter. Note that, we cannot make d 1 = d because that will prevent the EM fields from passing through and interacting with the metal to create an evanescent wave. Therefore we varied d 1 and found d 1 = 0.18 shows low CL, however, d 1 = 0.09 shows improved sensing performance. Therefore, we choose d 1 = 0.09 as the optimum diameter of the corner air holes.
D. DISPERSION RELATION AND OPTIMIZED SENSOR PERFORMANCE
The dispersion relation of the proposed sensor for a dielectric RI of 1.36 is shown in Fig. 5(a-b) . It can be seen that at the RI matching point of the core mode and SPP mode the CL reaches to its maximum. The higher loss is obtained at ypolarization than the loss in x-polarization as high penetration of electric field from the core towards the dielectric occurs at y-polarization. In this study we focused on the refractive index range around water (1.33 to 1.37) due its possible application in real time analysis of samples with biological interest. The waveguide geometrical parameters and the metals thickness were optimized to this range as well. There are a number of biological agents and chemical solutions that have refractive index within the specified range (1.33-1.38) (for example, ethanol = 1.361, acetone = 1.36, 10% glucose solution in water = 1.3477, 20% Glucose solution in water = 1.3635, liver (human) = 1.369, intestinal mucosa (human) = 1.329-1.338) etc that the proposed sensor can detect. Note that the reported RI range is very similar to previously reported SPR sensors [31] - [34] , [25] , [48] - [50] . However, instead of using the name of dielectrics we used the relative refractive indices in order to generalize the discussion.
According to the wavelength interrogation method mentioned in Eqn. 5 the obtained WS's for the x polarization are 2,000, 4,000, 4,000, 8,000 and 16,000 nm/RIU while for the y-polarization the obtained sensitivities are 3,000, 4,000, 5,000, 9,000 and 25,000 nm/RIU for RI range of 1.33-1.37 respectively. In Fig. 6(a) , we further show the change of resonance wavelength by means of dielectric RI from where the wavelength sensitivity can easily be calculated for x-and y-polarized signals.
Apart from WS, the sensing performance is also carried out using the amplitude interrogation (AI) method as mentioned in Eqn. 6. Note that, obtaining an AS is less complex than WS as it does not require spectrum monitoring, whereas dielectric detection is carried out for a particular wavelength [52] . Fig. 6(b-c) show the AS of the proposed sensor for both x and y polarization. We can see that with the increase of dielectric RI the AS increases upto n a = 1.36 and then starts to decrease. This is because, a sharp loss peak is obtained up to n a = 1.37 that then starts broadening thus the AS also begins to decrease.
The sensing length with different dielectric RI variation is shown in Fig. 6(d) that is derived from Eqn. 9. It indicates that as the dielectric RI increases the sensing length decreases because the length of a sensor is totally dependent on the absorption loss. According to the observation of Fig. 6(d) we can conclude that sensing length of a few millimeters to a centimeter can be used to detect dielectrics over a useful range of refractive indices.
According to Eqn. 10, for a best-case estimate considering λ min = 0.1 nm, the proposed sensor shows high wavelength sensing resolution of 6.21 × 10 −6 in the x polarization and 4×10 −6 in the y polarization. Therefore, the proposed sensor can in principle detect a tiny change in RI of the order of 10 −6 .
Another important metric known as the FOM characterizes the overall performance of a sensor that can be defined as a ratio of sensitivity to full width at half maximum (FWHM) (FOM = S λ (nm/RIU)/FWHM (nm)) [30] , [54] . A high performance sensor can be realized when the sensitivity increase and FWHM decrease. The FOM for different dielectrics of the proposed sensor is shown in Tab. 1 from where we can see that a maximum FOM of 319 is obtained for x-polarization and 502 is obtained for y-polarization. Note that, a larger FOM means a better detection limit [30] .
The performance evaluation based on WS, AS and FOM with changing dielectric RI is shown in Tab. 1. It can be seen that, maximum AS of 1,311 and 1,412 RIU −1 , maximum WS of 16,100 and 25,000 nm/RIU, and maximum FOM of 319 and 502 are obtained for the x and y polarization's respectively. A detail performance analysis of the proposed sensor with the prior sensors that use external sensing approach is carried out and shown in Tab. 2. Comparing with the purely external (not side polished) sensing approach based sensors it can be seen that the proposed sensor shows improved performance in consideration to wavelength sensitivity, AS, birefringence, sensor resolution and FOM.
IV. CONCLUSIONS
A simple Au-TiO 2 based PCF-SPR sensor is proposed and analyzed. Based on optimized structural parameters, proposed polarization sensitive sensor shows a relatively high AS of 1,411 RIU −1 and WS of 25,000 nm/RIU with high degree of detection limit. The proposed fiber design is also highly birefringent what potentially improves the sensing performance. Moreover, the sensor attains a high FOM that indicates the high overall sensing performance. The practical utilization of the sensor is simple as it utilizes an external sensing approach with only circular shaped air holes. The long length of the sensor is another attractive feature that in addition with suitable surface functionalization makes the proposed sensor promising for biosensing applications. 
